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REACTION SINTERED SILICON NITRIDE AS A

COATING FOR CARBON-CARBON COMPOSITES

by
Yoshio Robert Yamaki

(ABSTRACT)

Reaction sintered silicon nitride (RSSN) was studied as a substi-
tute coating material on the carbon-carbon material (RCC) presently
used as a heat shield on the space shuttle, and on advanced carbon-
carbon (ACC), a later developmen:t. On RCC, RSSN showed potential in a
538°¢ (1000°F) screening test in which silicon carbide coated material
exhibits its highest oxidation rate; RSSN afforded less protection to
ACC because of a larger thermal expansion mismatch. Organos.licon den-
sification and metallic silicon sealing methods were studied as means
of further increasing the oxidation resistance of the coating, and some

improvement was noted when these methods were employed.
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I. Introduction

The space shuttle orbiter is the first application of reuseable
heat shield materials. Peak reentry temperatures of approximately
1500°C are encountered by the nose cap and wing leading edges, and
carbon fiber-carbon matrix (carbon-carbon) composites are used to
provide thermal protection in these areas. The high temperature
strength retention and low density of carbon are well suited to aero-
space applications, however, protection against oxidation at high
temperatures is of paramount importance in a reuseable heat shield
system.

High temperature oxidation protection is currently provided
by a silicon carbide layer formed on the surface of the carbon-carbon
heat shields by a reactive penetration into the shield itself. In
the coating process, the entire component is covered by a mixture of
silicorn,, silicon carbide, and alumina powders and heated to approxi-
mately 1700°C for several hours. During cooling, however, tensile
stresses build in the coating due to a thermal expansion mismatch with
the unreacted substrate beneath, and cracking of the coating occurs.
Such coating defects limit heat shield life by permitting oxidation
of the underlying material.

The primary source of the thermal expansion mismatch i{s the orien-
tation of graphite fibers in the composite. The shield consists of
layers of graphite fiber cloth which are oriented parallel to the
outer surface and are bonded together and impregnated by the amorphous

carbon matrix.



The carbon-carbon composites for the shuttle program are manu-
factured by the Vought Corporation, and two types of composites have
been produced. A material designated reinforced carbon-carbon (RCC)
is currently used on the shuttle orbiters; however, a second type,
designated advanced carbon-carbon (ACC) is under study for future use
because of its improved oxidation and mechanical properties. RCC and
ACC différ in the type of graphite fiber used, the weave puttern of
the cloth, and in the agents used to densify their matrices.

Dilatometer measurements on RCC have indicated that the coeffi-
cient of thermal expansion is 4.7 x 10_6/°C_(25 - 800°¢) perpendicular
to the plies but only 1.4 x 10-6/°C (25 - 800°C) in the direction
parallel to the plies and the shield surface. A figure of 4.7 x 1076/
°c (25 - 800°C) is obtained for material which has been converted to
SiC and varies little with respect to orientation.

Oxidation due to coating cracks is currently being retarded by
the application of a crack sealing overcoat. While this does result
in a large improvement in oxidation resistance, the most desireabhle
approach would be to eliminate or at least reduce the residual coating
stresses such that cracks are not formed.

The objective of this effort is to improve the oxidation resis-
tance of carbon-carbon composites through the use of an alternative
coating material-reaction sintered silicon nitride (RSSN). This
material reportedly possesses a lower coefficient of thermal e;pansion
than silicon carbide, and it can be processed at lower temperatures.
Both of these factors should contribute to a reduction of residual

coating stresses., However, as-processed RSSN is porous, and means



to alleviate problems associated with this porosity were also inves-

tigated.



II. Review of Literature

This highly desireable properties of a material for coating
carbon-carbon composites would include a thermal expansion coeffi-
cient slightly lower (5.102) that of the composite, low density, and
chemical and physical stability in oxidizing and low pressure environ-
ments from room temperature to well above 1600°C. A review of the
literature reveals that there is practicallv no material which can
provide such a combination of properties.

For the purposes of selecting a material for study as a coating
for carbon-carbon, the following properties were considered: 1) im-
proved thermal expansion match with the substrate; 2) thermal stability
and oxidation resistance; 3) ability to coat the substrate. The
materials reviewed were Si. N SiZONZ’ and sialons. Among these,

34

Si3N4 was selected as the best candidate for research.
A. Silicon Nitride

Silicon nitride bodies can be formed by three metheds: reac-
tion sintering (RS), chemical vapor deposition (CVD), and hot pressing
(HP). There are two modifications of the nitride, designated alpha
and beta. The alpha phase is obtained when nitrogen reacts with
silicon below 1its melting point (1410°C). The beta phase is formed
when the nitride is precipitated from molten silicon containing dis-
solved nitrogen (1). Although reported values of coefficient of
thermal expansion for silicon nitride vary widely, all are below that

measured for the present SiC coating. Some values are listed in

Table 1.



Comparison of Si3Na Thermal Expansion Data

a

2.4 x 1079/%

2.75 x 10°%/°

2.47 x 107%/°
3.1 x 107%/%
3.5 x 1078/
3.61 x 107/,
3.70 x 107%/%,
3.23 x 1070/,

3.72 x 107%/%%,

a-axis

c-axis

a-axis

c-axis

TABLE 1

form
RS, 70% denge

HP, 73.0 g/cc
70-100% 8

not given

RS

B

range
21-982°¢

21-982°¢

25-1000°C

0-1000°¢

0-1000°C

0-1000°C

reference
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Reaction sin*ered silicon nitride (RSSN) is produced by heating
compacted silicon powder in nitrogen. The advantages of the RS
process include simplicity and little dimensional change (< 0.1%)
on nitridation (4). Reaction sintering can be accomplished by two
basic types of processing: the single stage or two stage process (7).
In the single st2ge process, silicon is reacted completely with nitro-
gen below the melting point of silicon; the two stage process comprises
partial nitridation below the melting point of silicon followed by
completion of nitridatiom above che melting point. The two stage
process shortens nitridation time in large bodies; however, this
should not be a critical factor in the formation of a thin layer of
RSSN. The product of the single stage process is primarily alpha
silicon nitride whereas the two stage process produces a mixture of
alpha and beta. Alt“wugh the beta phase reportedly possesses higher
oxidation resistance (6) and a lower coefficient of thermal expansisn,
the strength of RSSN reportedly increases with increasing alpha
content (4,7). The higher process temperatures required to prcduce
the beta phase would probably also result in higher residual coating
stresses on cooling.

The oxidation rate of RSSN is higher than that of either 4P or
CVD silicon nitride until a continuous silica iayer is formed within
the pores (4,8). After this layer forms, RSSN exhibits a lower rate
of oxidation than HP material, and it can almost match that of CVD
material due to its high purity. It is possible to reduce or eliminate

the porosity of RSSN by two methods.



One method involves melting and impregnating the surface of RSSN
with liquid silicon. This has been shown to markedly increase the
oxidation resistance of RSSHM (9), and the presence of free silicon
reportedly inhibits the high temperature decomposition of silicon
nitride (10). The ability of liquid silicon to wet silicon nitride
can be enhanced by alleying elements (11) as well as high temperatures
and low pressures (12). A second method of increasing the density of
the product involves impregnation with a silicon and nitrogen contain-
ing crgano-metallic, followed by high temperature decomposition to
leave silicon nitride within the impregnated porosity (13).

Another method of producing silicon nitride is by CVD techniques.
The CVD material is usually produced by heating a flowing mixture of

a silicon halide, often SiCl and ammonia in a reaction vessel. A

4
range of microstructures can be obtained by varying deposition condi-
tions and either amorphous or alpha silicon nitride can be formed.

A potential problem in the use of silicon nitride in contact
with carbon at high temperatures is reaction between the two materials
to form silicon carbide. Billy and Colombeau (4) have reported that
alpha silicon nitride and carbon react above l&OOOC; however, in
studies of CVD silicon nitride deposited on graphite substrates,
Galasso (14) reported a reaction between the two materials above
1600°C. Gebhardt et al. (15) carried out mass spectrometer studies
of the thermal stability of amorphous and crystalline CVD silicon
nitride and found that decomposition begins at 1450-1500°¢C.

Though CVD silicon nitride possesses favorable properties, it

was not pursued as a coating method because of the relatively complex



apparatus required, and because it would later have to be scaled up
to coat the actual heat shield parts, some of which are quite large
and complex. This would probably present an entirely new set of
problems in actual practice.

Uniaxial hot pressing of silicon nitride powders with'sintering
aids such as MgO or YZO3 i: probably the most common method of pro-
ducing silicon nitride bodies in industry. However, uniaxial hot
pressing would be unsuitable for coating large complex parts of
limited strength. Isostatic hot pressing may be viable as a coating
method but would be extremely expensive and would be beyond the reach
of available resources.

B. Silicon Oxynitride

Silicon oxynitride (SiZONZ) is similar in properties to silicon
nitride and is sometimes present as an oxidation product of the
nitride; ite prescnce is apparently dependent on the form of the
nitride and on the oxidizing conditions (4,5,16). X-ray studies by
Hendersor (5) indicate that the coefficient of thermal expansion of
the oxynitride is quite close to that of the nitride with the excep-
tion of the oxynitride a-axis; in this direction the value is approxi-
mately one-third of that measured in other directions. Washburn (16)
reports that the oxynitride nas higher oxidation resistance than the
nitride; however, this is based on the use of impure samples contain-
ing both the nitride and oxynitride as well as the carbide.

RS silicon oxynitride can be produced by nitridation of silicon-
silica mixtures (5,17) although not by direct reaction of silica and

silicon nitride (i6). Amorphous Si-0-N deposits have been prepared



by vapor deposition (18) with mixtures of NO, NH3, and SiH,, and the

4
composition range from S:I.O2 to 313N4 is accessible. These composi-
tions were studied in the context of electronic devices, however.

One area in which the oxynitride seems definitely inferior to
the nitride is that of high temperature stability under vacuum.
Ehlert et al. (17) found that decomposition became detectable at less
than 1000°C by mass spectrometry using specimens produced by the
nitridation of a 3:1 Si—SiO2 mixture. The decomposition products were
silicon monoxide, nitrogen, and significantly, silicon nitride. This
decomposition to the nitride makes the oxynitride definitely less
attractive for high temperature, low pressure applications such as
heat shields.

C. Sialons

The sialons are a class of materials most often produced by
reacting mixtures of silicon nitride, alumina, and often aluminum
nitride. The literature in this material is predominantly concerned
with material formed by hot pressing, a methed which has been rejected
as a coating technique for the purposes of this research. Addition-
ally, due to the presence of sintering aids, oxidation rates in HP
sialons are subject to a major increase over those of high purity
materials (4,19). HP sialons show about the same oxidation resistance
as RSSN.

Pressureless sintered sialons have been prepared when the com~
pacts were covered with a buffer mixture of silicon nitride and
alumina or silica (20); however, the temperature utilized (1800°C)

was beyond the reach of available resources if any precise process
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control was to be exercised. No information on the oxidation resis-
tanca of pressureless sintered sialons or on the application of such

materials as coatings was found.



III. Materials and Methods

A. Carbon-Carbon Substrates
1. Reinforced Carbon-Carbon (RCC)

RCC (Vought Corporation) comprises plies of rayon-derived, square
weave graphite cloth in a cross ply configuration and a matrix derived
from both phenelic resin and furfuryl alcohol. In the manufacturing
process, phenolic impregnated graphite cloth plies are bonded, cured,
and then pyrolyzed to form a low density, low strength carbon~-carbon
material. Repeated impregrnation and pyrolyzation cycles utilizing
furfuryl alcchol increase strength and density. Final impregnation
with tetraethyl orthosilicate (TEOS) is followed by heating to yield
amorphous silica within any porosity. This serves to increase oxi-
dation resistauce.

The RCC specimens used in this research were cut from pieces
which had been coated with silicon carbide and treated with TEOS.

The coating was sliced away to provide a fresh surface for coating
experiments. As mentioned earlier, the coefficient of thermal expan-
sion of such material was determined to be 1.4 x 10-6/°C from 25 -
800°C in the critical direction. A Dupont Model 943 Thermomechanical
Analyzer was utilized. Measurements done by Vought Corporation

(method not indicated) indicate a figure of 2.3 x 10-6/°C over approxi-
mately the same temperature range.

2. Advanced Carbon-Carbon (ACC)

ACC is being considered as a replacement for RCC because of its
better mechanical and oxidation properties. The starting material is

phenolic impregnated, eight harness weave Fiberite graphite fiber

11
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cloth derived from polyacrylonitrile. The manufacturing process for
ACC 1is basically the same as that for RCC except that phenolic resin
is used as a densifying agent rather than furfuryl alcohol.

In contrast to the available RCC material, the ACC material was
neither TEOS impregnated nor silicon carbide coated. It was in the
form of a 0.1" thick sheet.

Measurements by Vought Corporation indicate a critical coeffi-
cient of thermal expansion of only 1.1 x 10-6/°C from 27 to 815°cC.

B. Coating Furnace

The coating furnace consisted of a high purity alumina furnace
tube used in conjunction with silicon carbide heating elements. The
tube wzs closed at one end, while at the opposite end, high tempera-
ture silicone adhesive was used to attach high vacuum glass hardware.
The apparatus is shown in Figures 1 and 2. Not shown in Figure 2
are water cooling coils used to protect the silicone adhesive from
excessive temperatures.

Process atmospheres were established by several cycles of evacu-
ation to 150 - 300 microns pressure, followed by backfilling with
"Drierite'" treated gas. As furnace heat-up proceeded, the tube was
subjected to a purge during which 4 -5 cubic feet of gas flowed through
the tube over a period of 1 - L% hours. At the end of the purge, gas
flow was reduced to 50 - 70 cc/min for the duration of processing.
Both static and flowing atmospheres were available to suit the ongoing
processing, and an optical curve follower type controller was used
to provide desired heating and cooling rates. A 3°C/min. heating rate

was used unless otherwise stated.
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Figure 1. Coating apparatus and furnace.
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C. Oxidation Test Procedure
The oxidation test procedure was based on general guidelines
obtained during ground-based oxidation mass loss measurements con-
ducted by the Vought Corporation. The currently used heat shield
material exhibits its highest mass loss rate in a 1000°F test conducted
in air, with weighings every six hours.
For this resea?ch, oxidation test specimens were supported on

" "

a parallel gridwork of f% diameter mullite rods spaced % be tween
centers and fixed % above the surface of an insulating refractory
carrier block. Tests were carried out in air in a 10Q0°F muffle

furnace, with weighings every six hours. The refractory block was

preheated before any specimens were introduced into the furnace.



IV. Materials and Methods: RCC

The coatings for RCC were of three types: a basic RSSN coating,
an organosilicon densified RESN coating, and a silicon sealed RSSN
coating. Both the densified and sealed coatings were produced by
additional treatments to the basic coating.

A. Basic Coating

The basic RSSN coating for RCC vas produced in the following
manner:

1) The existing silicon carbide coating was sliced away

from the furnished material and specimens were cut to
a 0.70" x 0.22" x 0.12" nominal size. The plies were
parallel to the 0.70" x 0.22" face.

2) The surface of the specimens was roughened by heating

to 600°C for 10 minutes in air. A roughening effect
occurs because the matrix carbon oxidizes at a much
higher rate than the fibers.

3) Any loose material left on the surface was removed,

and the specimens were treated with dilute HF to remove
from the surface any silica resulting from the TEOS
treatment.

4) Each specimen received a light dip coating in a 5

micron average particle size silicon-acetone slurry.

5) Specimens were placed ipto the furnace and heated to

1450°C for 45 min. in one atmosphere of flowing argon.

6) Any residue was removed by ultrasonic cleaning in

aceton and gentle wiping, as necessary.

16
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7) Each specimen received repeated dip coating in silicon-
acetone slurry until a coating thickness of 0.04 inch
was reached,

8) The specimens were heated to 1350°: for 12 hours in one

atmosphere of static nitrogen.
B. Densified Coating

The organosilicon material used to densify the coatings was
hexaphenyl~tricyclosilazane. It was prepared from diphenyldichloro-
silane and ammonia as described by Mazdiyasni et al. (10), who used
the term 'silazane'" in referring to it.

The silazane used for the densification of the ccatings was
prepared in a flask topped by a refluxing condenser. A solution of
diphenyldichlorosilane in toluene (approx. 1:5) was heated to
119° - 120°C in the flask by partial immersion in a stirred ethylene
glycol bath. Ammonia gas was bubbled through the hot solution by
means of a glass tube inserted down the bore of the condenser, and a
precipitate, assumed to be ammonium chloride, formed in the solution
as soon as the ammonia was introduced. After the reaction was allowed
to proceed for approximately five hours, the contents of the flask
were filtered, and the chloride precipitate was discarded. The fil-
trate was then chilled to precipitate the silazane, and the toluene
and silazane were stored together in a refrigerator. Before use,
excess toluene was pressed from the silazane crystals between two
layers of filter paper, and the crystals were allowed to air dry.

Vacuum impregnation of the samples took place in a glass tube

which could be heated in a small vertical oven. Samples were placed
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in the tube with dry silazane, and the tube was then lightly evacu-
ated and backfilled with nitrogen several times. The samples were
slowly heated, and when the silazane had melted completely, the tube
was evacuated and backfilled an additional time to ensure complete
impregnation. Heating was continued until a temperature of approxi-
mately 275°¢C was reached, and maintained for five hours. The samples
were then moved to the coating furnace where they were heated in
flowing nitrogen at a rate of 2°C/min. to 600° and 3°C/min. to 14007C,
where they were held for one hour then slowly cooled.
C. Sealed Coating for RCC

The coatings of some of the specimens were subjected to a silicon
sealing treatment to improve oxidation resistance. After the basic
RSSN coating was complete, the specimens were given a light dip
coating in an acetone slurry of -325 mesh boron powder. This was
followed by dip coating in the silicon slurry and heating to 1450°¢
for two hours under flowing argon.

D. RCC Specimen Designations

Specimens are grouped according to the type of coating emploved.
Capital letters indicate group and dashed numerals indicate individual
specimens. The designations for RCC specimens are as follows:

Type A: 0.04" RSSN coating/oxidized substrate.

B: Silazane densified A type coating.

C: Boron-silicon sealed A type coating.



V. Res.lts: RCC

A. Results of RCC Coating Tests

To improve coating adhesion, the uncoated RCC specimens were
roughened by oxidation at 600°C for 10 minutes. Prior tests and SEM
examinations of small specimens oxidized in a silica boat indicated
that these conditions would be suitable; however, the actual test
spec.imens were suspended by platinum wire to expose the entire sur-
face area. The difference in heating conditions gave different
results; the actual test specimens were over-oxidized and the degree
of oxidation varied depending on placement within the furnace. Ini-
tially, the mean specimen weight was 0.511 grams with a standard
deviation of 0.006 grams; after the oxidation treatment the mean and
standard deviation were 0.437 groms and 0.015 grams, respectively.
The oxidized surfaces were noticeably fragile in most cases, and any
loose material was removed before che post oxidation weighing. Since
the supply of substrate material was limited, only the most severel,
oxidized RCC specimens were discarded, and the remainder utilized
for the purpose of comparing coating treatments.
1. Basic Coating

The basic RSSN coating was successfully applied to the RCC
substrates with no apparent cracking. Figures 3 and &4 show the
typical fibrous appearance of the RSSN free surface. A well bonded
interface between the coating and substrate can be seen in Figure 5.
Figure 6 is included for comparison with a coating applied to a non-
oxidized RCC surface. The relatively smooth cavities in the interior

of the coating are caused by air entrapment during the dip coating of

19



Figure 3. Type A coating surfacs, 200 XK.
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the specimen.
2. Densified Coating

The results of the coating densification treatment for RCC were
highly variable even though the specimens for specific coating/oxida-
tion screening tests were processed together. The microstructure of
the densified coatings was in many cases apparently unchanged from
that of the basic RSSN coating; however, in other cases the change
in structure was quite obvious. Figures 7 and 8 show portions of a
specimen exhibiting a large degree of structural change due to the
coating densification treatment. This speciman was not used in
oxidation tests.
3. Sealed Coating for RCC

The boron-silicon surface sealing procedure was partially success-
ful for RCC samples; however, only two samples were available and
their edges were fused together during the sealing procedure. An
initial treatment produced approximately 80% surface coverage, and
an additional treatment increased coverage to over 95X. The speci-
mens were subjected to a low temperature oxidation test in this
fused, partially scaled condition.

B. Results of RCC Oxidation Tests

There is some difficulty in comparing the results for the various
types of specimens to existing data because of their small size and
varying shapes. Mass loss figures for standard SiC coated ACC are
given in units of lb/ftz. This type of calculated data is readily
obtained for large specimens; however, an accurate figure of this type

is difficult to obtain for small specimens with rounded edges. Mass
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losses are therefore compared among specimens on an average percen-
tage basis in Figure 9. Individual mass and mass losses for those
specimens which were tested are given in Table 2.

Average mass loss/area figures are listed in Table 3 for rough
comparison with the typical loss figure of 0.013 lb/ft2 in six hours
at 1000°F in air obtained for ACC which has been TEOS impregnated,

S$iC coated, and sealed by Vought Corporation. These figures are
based on nominal surface areas and should therefore be considered
approximations.

1. Basic Coating

Figure 10 sho/s the effect of both the substrate priming pro-
cedure (basic coating steps 4 and 5) and the oxidation tests on RCC
substrate. The dense layer of substrate fibers is probably a result
of increased oxidation resistance of a thin surface layer of Si and
SiC formed by the priming procedure. The loose fibers are the result
of preferential oxidation of the substrate matrix. The relatively
smooth cavity is due to air trapped during dip coating.

2. Densified Coating

As mentioned earlier, results for the silazane densified coat-
ings have been inconsistent. Figure 11 shows an apparently high
coating densizy adjacent to the substrate in specimen B-4, which
exhibited the lowest mass loss of any specimen. Figure 12 shows
specimen B-1, which was.also densified but did not exhibit appreciably
improved oxidation resistance. The surface of the coatings of B-1 and
B-4 were quite similar and a typical appearance is shown in Figure 13.

Note that this surface is much rougher than that shown in Figure 7.
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Figure 10. Type A coating-substrate interface, oxidized
24 hours at 1000°F, 200 X.




Figure 11. Specimen B-4 coating~substrate interface,
oxidized 24 hours at 1000°F, 200 X%.

Figure 1Z. Specimen B-] coating-substrare interface,
oxidized 24 hours at 10009F, 200 X.
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Figure 13. Type B coating surface, oxidized 24 Hours
at 1000%F, 200 %.
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The difference is most probably due to processing differences rather
than to oxidation (the surface shown in Figure 5 is unoxidized).
3 Coating Sealant

Despite incomplete surface coverage, the boron-silicon surface
sealant did result in improved oxidation resistance on a weight
percentage basis but not on the approximate mass loss/ res basis.
Figure 14 indicates good potential for this method, however, and
shows tre interior and some of the ovuter surface of a sealed sample
which has been sectioned. The faceted fracture band represents
sgctioned sealant on the surface while the relatively smooth area
below it is impregnated coating material. Figure 15 is a higher
magnification view of the sealed laver. Figure 16 shows thé outer
surface ¢f a sesaled specimen while Figure 17 shows the typical appear-

ance of the coating-substrate interface for an oxidized specimen,
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Figure 14. Tvpe C coating section, sealed laver,
oxidized 24 hours at 10009F, 200 X.

Flgure 15, Type € coating section, ﬁgaled laver,
oxidized 24 houvs ar I000°F, L1000 7.
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Figure 16. Tvpe C coating surface, 1000 %,

Figure 17, Type [ coating=substrate énmarfacaz
oxidized 24 hours at 1000 ¢, 200 A




VI. Materials and Methods: ACC

The procedures used for coating ACC specimens were primarily
variations of those used for coating RCC. The different coatings
are classified as previously described (basic, densified, and sealed
coatings) and are explained below.

A. Basic Coating

A variety of methods were emploved te form basic coatings on
ACC. Differences occurred in substrate surface preparation, 'primer”
composition, green coating composition/thickness, and in nitridation
time/temperature.

Substrate surface preparation consisted of either abrasive
roughening alone or abrasive roughening followed by oxidation rough-
ening. Abrasive roughening was done with 240 grit SiC paper. Mate-
rial was removed until there were no surface contours visible from
the underlying graphite cloth plies, and the edges were rounded.
Oxidative roughening consisted of heating specimens to 540°C in air
for 20 minutes using the oxidation test conditions.

The "primer" consisted of either 100% 1-5 micron size silicon
powder or the silicon powder with 5.0 w/o -325 mesh boron powder.

The boron-containing primer was used with green silicon coatings
containing 0, 2.5, or 5.0 w/o boron. Two coating thicknesses, approx-
imately 0.04 inch and 0.02 inch, were utilized for some specimens.

The nitridation temnerature/time was also varied in an attempt
to lower thermal stresses. Heat treatment rangad from 12 hr./1350°C

to 36 hr./1150°C.

34
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B. Densified Coating

Coating densification procedures were identical to those which
were used for RCC. However, for ACC, the procedure was repeated
three times prior to amy oxidation tests.

C. Sealed Coatings

Taree coating sealing procedures were employed. All start
with a light dip coating in a -325 mesh boron-~acetone slurry. Fol-
lowing this, the specimens were either: 1) dipped in the 1-5 micron
silicon~acetone slurry and heated to 1450°C for two hours under
flowing argon at one atmosphere, 2) dipped in silicon slurry and
heated to 1450°C for 45 minutes under argon at 200 to 300 microns
pressure, or 3) heated to 1450°C in the low pressure argon atmos-
phere in contact with -20 mesh silicon granules.

D. ACC Specimen Designations

The ACC specimen designations differ slightly from those cf RCC
specimens due to the larger variety of specimens. General specimen
groups are still designated by a capital letter, any subgroups are
designated by a numeral, and individual specimens by a final dashed
numeral. Groups D, E, and F are considered basic coatings. Group
G contains densified coatings and Group H sealed coatings. The
coating types are summarized in Table 4.

The uncoated size of Group D1 specimens was 0.5" x 0.4" x 0.1";

the remainder of the ACC specimens measured 1.0" x 0.5" x 0.1".
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TABLE 4

Coating Types for ACC

Surface Prep. Primer Green Coating Nitridation Temp./Time
240 grit si 0.04" Si 1350°¢/12 hr.
260 grit Si 0.02" Si 1350°¢/12 hr.
240 grit + Si 0.02" Si 1350°¢/12 nr.
oxidation
240 grit Si 0.04" Si 1300°C/12 hr.
240 grit Si 0.04" Si 1250°C/18 hr.
240 grit Si 0.04" Si 1200°¢/24 hr.
240 grit Si 0.04" Si 1150°¢/36 hr.
240 grit Si+ 5.0 B 0.04" Si 1350°C/12 hr.
240 grit Si+ 5.0B 0.04" Si + 2.5 B 1350°¢/12 hr.
240 grit Si+ 5.0B 0.04" Si + 5.0 B 1350°C/12 hr.

Triple silazane densification of

Boron-silicon surface sealing of
1-5 micron size Si sealant, 1 atm. argon,

D2 type coaring,.

D1 type coating;

Boron-silicon surface sealing of D2 type coating;
1-5 micron size Si sealant, 200-300 microns pressure.

Boron-silicon surface sealing of D2 type coating;
-20 mesh Si sealant, 200-300 microns pressure.



VII. Results: ACC

A. Results of ACC Coating Tests
1. Basic Coatings

Because all of the coatings which were considered for further
study began with the same processing (1350°C nitridation for 12
hours), the coating crack characteristics of all specimens were
similar. Three fracture locations were observed.

Observable on the surface of the ccating were cracks which run
from the coating surface to the coating-substrate interface. These
cracks form a specimen-wide network with spacings generally on the
order of % to % inch. There was no strong crack orientation except
where cracks sometimes ran parallel to an edge when situated near
the edge.

When a specimen was sectioned, coating cracks can sometimes be
observed running parallel and near the substrate, but not through
the interface. A crack of this type in a D1 coating (0.04" thick)
is shown in Figures 18 and 19. 1In Figure 19, the ccating-substrate
bonding appears continuous in the vicinity of the crack.

Separations also took place at the coating-~substrate interface
itself. This can be seen at the end of the specimen in Figure 18.
The inner surface of a portion of D2 coating (0.02" thick) pried
away from the substrate can be seen in Figure 20. Note that this
surface is quite similar in appearance to the outer coating surface
and is unlike the coarser grained interior. A cross-section of a

D2 specimen is shown in Figure 21,



OMiGINAL PRGE 1
OF POOR QUALITY

Figure 18. Type Dl specimen section,

Figure 19. Type Dl ccating-substrate interface, 200 X.
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Figure 20. Type D2 coating inner surface, 200 X.

Figure 21. 1Type DZ specimen section, 20 X.




Figure 22. Type D3 coating inner surface, 200 ¥,
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Oxidative roughening in D3 specimens was done to enhance coating
adhesiorn tc the substrate, even though work done on RCC indicated
that the results could be variable. Figure 22 shows the inner sur-
face of D3 type coating which has been pried away from the substrate.
Note that the fracture surface has a rougher appearance than a
corresponding surface from a D2 coating (240 grit substrate rough-
ening only), as in Figure 20.

Coating types El through E4 (reduced nitridation temperatures)
were omitted from further testing. Type El appeared identical to
specimens which had been nitrided at 1350°C for 12 hours. As nitri-
dation temperatures were reduced for types E2 through E4, the coatings
went from light gray to grayish black and became increasingly sus-
ceptible to abrasion, indicating incomplete nitridation. However,
even the E4 coating {minimum nitridation temperature) was cracked.

Coating types F1 through F3 (boron additions to green coating)
were somewhat more successful. The Fl coatings, which used a Si
green coating over a Si - 5.0 B primer, were similar in appearance to
the D types. The F2 and F3 specimens, using Si - 2.5 B and Si - 5.0 B
green coatings respectively, had a mottled appearance and were sus-
ceptible to abrasion. HNonethless, these were subjected to oxidation
tests later.

2. Densified Coating

The triply densified G type coatings took on a black coloration
around the specimen edges during post-impregnation heat treatment.
Presumably the coloration is a result of the decomposition of the

organosilicon densifier. Table 5 lists specimen mass prior to



42

TABLE 5
Initial Mass and Cumulative Gains

Over 3 Densificatiomns

Mass gain, g(Z) after densification cycle

Specimen Initial Mass, g 1 2 3
G -1 1.6400 0.0318 (1.94) 0.0371 (2.26) 0.0388 (2.37)
2 1.6500 0.0325 (1.97) 0.0386 (2.34) 0.05410 (2.48)

3 1.8453 0.0330 (1.79) 0.0402 (2.18) 0.0417 (2.26)
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FIGURE 23. PERCENT MASS SAIN FOR TYPE G SPECIMENS DURING
DENSIFICATION.



ORIGINAL PAGE IS
OF POOR QUALITY

Figure 24. Type G coating surface, 1000 X.




Figure 25. Type G coating-substrate interface, 200 X.

Figure 26. Tvpe G coating-substrate interface, 1000 %.
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densification and mass gains for each densification cycle. Percent
densification mass gain for individual specimens is listed in Table
5 and plotted in Figure 23.

The surface of a triply densified specimen is shown in Figure
24, MNote that the surface possesses some large grains as well as
whiskers, and that the whiskers are more variable in size and density
than those of predensified material, such as is seen in Figure 3.
Shown in Figure 25 is a section through the coating-sufstrate inter-
face of a G type specimen. Figure 26 is a higher magnication view
of the same specimen and shows whiskers growing out into the coating-
substrate separation.
3. Sealed Coatings

The H1 through H3 sealed coatings were not considered success-
ful although the H2 coatings were sitbjected to oxidation tests. The
desired result was a surface made impermeable by surface wetting
and impregnation by liquid silicon. This did not occur in types
H1 (1-5 micron Si sealant, 1 atm Ar) and H3 (-25 mesh Si sealant,
low P Ar). In these specimens the silicon melted and coalesced
without spreading ovar the surface. In type H2 (l-3 micron Si
sealant, low P Ar), the silicon appeared to have vaporized completely
along with the boron wetting agent. However, there was an average
cvating weight gain of 12.77%.

B. Results of ACC Oxidation Tests

Oxidation test cycles for ACC specimens were terminated when

total percert mass loss reached approximately 25%, a figure well

beyond the actual use level. As with the RCC specimens, the mass
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loss/area is calculated using a nominal surface area for all speci-
mens, and should be considered an approximation. The average percent
mass loss for all ACC specimens is plotted in Figure 27. Individual
specimen mass and mass logses are listed in Table 6, and the average
six hour oxidation mass loss/area approximations are listed in Table 7.
1. Basic Coatings

One of the more protective ACC coatings came from the group of
basic coatings; however, none of the ACC specimens were able to match
the RCC. The basic ACC ccating exhibiting the lowest mass loss was
the D1 type, which comprised a 0.04" thick coating of 1007 silicon
on an abrasively roughed substrate. A section through the interface
of an oxidized Dl specimen is shown in Figure 28; and features cypi-
cally associated with oxidation damage are visible. These are the
large vertical crack intersecting an area in which coating separation
has caken place, and, below tne primed layer, fibers left bare by
matrix oxidation. The primed layer apparently possesses good oxida-
tion resistance, and x-ray photoelectron spectroscopic analysis of
primed substrate surfaces indicates the presence of silicon and
lesser amounts of silicon carbide.

Of the D type specimens, the highest mass loss was exhibited by
the D2 coatings. These were processed in the same manner as Dl;
however, thinner (0.02") coatings were applied.

The D3 coatings (0.02" silicon on an oxidatively roughened sur-
face) offered apparent improvement in oxidation resistance over the
D2 type. Coatings on oxidatively roughened substiates seemed to

adhere best at the edges of the specimens, and an area of favorable
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TABLE 6

Coated Mass and Mass Loss for Individual ACC Specimens

Total Mass Loss, g(%Z), at Time, hr.

Specimen Coated Mass (g) 6 12 18
DL -1 1.0248 0.0925 (9.03) 0.2231 (21.77)
A 1.1148 0.0927 (8.32) 0.2235 (20.14)
3 1.0342 C.1007 (9.74) 0.2335 (22.58)
4 0.9566 0.1034 (10.81) 0.2276 {23.70)
avg. (9.48) (22.05)
D2 -1 1.9048 0.3308 (17.37) G.8209 (43.10)
1.7484 0.3284 (18.78) 0.5486 (31.38)
avg. (18.08) (37.24)
D3 -1 1.8093 0.3330 (18.40) 0.5774 {31.91)
2 1.7893 0.2275 (12.71) 0.5057 (28.26)
3 1.7867 0.2256 (12.63) 0.4540 (25.41)
4 1.8115 0.2443 (13.43) 0.6075 (33.97)
avg. (14.31) (29.89)
F1 -1 1.9355 .2234 (11.54) .4541 (23.46)
2 1.8013 .2185 (12.13) .5352 (29.71)
3 1.8350 .2738 (14.92) .6138 (33.45)
avg. (12.86) (28.87)
F2 - 1 1.9945 .2192 (11.19)
2 2.2625 .2373 (11.79)
3 2.2313 .2077  (9.54)
avg. (10.84)
F3 -1 1.9574 .2297 (11.52) L4752 (23.83)
2 2.0122 .1998 (8.83) L4556 (20.14)
3 2.1767 .2913 (13.06) .6113 (27.40)

avg. (11.14) (23.79)
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TABLE 6. continued

Specimen Coated Mass (g)

G -1
2

avg.

H2 -1

avg.

1.6788
1.6910

2.18635
2.0664

.1478
.1585

.2158
.2523

s
(8.

(9.
(9.

(9.
(12.
(11.

80)
n
08)

97)
21)
09)

12

.3231 (19.25)
.3327 (19.67)

(19.46)

.5166 (23.88)
.6426 (31.10)

(27.49)

18

.4183 (24.92)
.4303 (25.45)

(25.18)
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TABLE 7
Calculated ACC Mass lLoss/Area for 6 hr. Oxidation

at 1000°F in Air

2 6 hr. 6 hr. Mass
Specimen Nom. Area, in Avg. loss, g Loss, 1b/ft?
D1 - 1234 Avg. .84 .0973 .036
D2 - 12 Avg. 1.45 .3296 .072
D3 - 1234 Avg. 1.45 .2576 .056
F1 - 123 Avg. 1.45 .2386 .052
F2 - 123 Avg. 1.45 L2214 .048
F3 - 123 Avg. 1.45 .2403 .053
G - 12 Avg. 1.45 .1531 .033

H2 - 12 Avg. 1.45 .2341 .051
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Figure 28. Type D1 caatingwsmbstratﬁainterface,
oxidized 12 hours at 1000 F, 200 X.

Tupe D3 aaaaingmﬁubﬁtrafeﬂinterf&ce*
oxidized 12 hours at 1000 ¥, 200 %
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Figure 30. Tvpe ¢ gcating surface. oxidized 18 hours
at 1000 F, 1000 %
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bonding in a D3 specimen (exposed to oxidation) is shown in Figure 29.
Coating types Fl through F3 (boron-containing primer and/or green
coating) did not seem to offer the oxidation protection of the D1 type.
The F type coatings are basically Dl types with boron additioms, and,
although the coating thickness were approximately equal, mass loss
rates for F type coatings were generally higher. All of the F types
performed approximately the same, regardless of boron content.
2. Densified Coatings
The mass loss rates for the triply densified G type coatings
were lower than those of the D2 coatings, and were approximately
equal to those of the D1 specimens. The G coating is a densified
0.02" thick D2 coating; the Dl coating is processed like the D2 but
is 0.04" thick. The surface of an oxidized G type coating is shown
in Figure 30.
3. Sealed Coatings
The '"sealed" H2 coatings were another modification of the ..
coatings, and they performed slightly better than D2. H2 mass loss
rates were similar to those of the F type, which received boron
additions prior to nitridation, rather than after nitridation as the

H2 coatings had.



VIII. Discussion

In terms of percentage mass loss and mass loss/area, the A, B,
and C type coatings applied to RCC offered much better performance
in oxidizing conditions than did the D, F, G, and H type coatings
applied to ACC. The Vought mass loss standard (0.013 lb/ft2 lost
over 6 hours of oxidation at 1000°F in air) was the result of tests
on ACC which had been SiC coated, TEOS impregnated, and sealed wirth
a proprietary overcoat. The RCC substrate specimens (types A, B,

C) had been previously impregnated with TEOS, whereas the ACC sub-
strate specimens (types D, E, F, G, H) had not.

Since TEOS impregnation was developed to increase the oxidation
resistance of the substrates, the ACC specimen would have probably
performed better had they been previcusly impregnated. In addition,
the ACC specimens possessed a lower coeffic‘ent of thermal expansion
than RCC. This leads to an assumption of higher ccating stresses
than in the higher expansion RCC specimens. While none of the RCC
specimens exhibited obvious cracks on the coating surface, all of
the ACC specimens did. Overall, the Si3N4 coated RCC specimens
approximately equalled the 1000°F performance of ACC coated by Vought,
whereas the Si3N4 coated ACC specimens fell far short of this mark.

The cracking of the coatings on ACC may also occur prior to
nitridation. This is supported by the cracking of the E4 type coating
(nitrided at 1150°C for 36 hr.), which was cracked though little or
no nitridation took place, and by a comparison of Figure 3 with
Figures 17 and 19. Figure 3 shows the typical fibrous appearance

which results when nitridation takes place at a free surface, whereas

55
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nitrided silicon below the surface possesses a denser, granular
appearance. The surfaces shown in Figures 17 and 19 were adjacent
to the substrate, yet they closely resemble the free surface shown
in Figure 3. This suggests that some separation between the green
coating and the ACC substrate could have taken place prior to nitri-
dation.

Such a separation could be caused by thermal expansion differ-
ences between the green coating and the ACC substrate. The coeffi-
cient of thermal expansion of silicon is approximately 4.1 x 10—6/°C
from 200° to 1400°C (2). During furnace heat-up, the green silicon
coating would expand at a higher rate than the substrate, creating
compressive stresses in the green coating parallel to the substrate
surface. This compression could result in an outward buckling and
separation between coating and substrate. A coating affected in this
manner would probably afford less protection than one simply cracked
through to an intact interface. Some support is lent to this view
by the fact that the mass loss rates for D2 specimens (0.02" coating
on abrasively roughened substrate) appear to be higher than those
for D3 specimens (0.02" coating on oxidatively rcughened substrate).
Oxidative roughening results in the exposure of fiber ends which
seem to be able to anchor the coating to some extent, and the D3
coating'did offer improved protection over the D2 type. Coating
adhesion could perhaps be improved by nitriding specimens under light
constraint, such as in an inert powder pack, rather than in a free

standing conditicn.
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Silazane densification of RSSN coatings showed potential on a
microstructural basis (Figures 5, 6) and on a performance basis
(specimen B-4); however, process uniformity was apparently not
achieved. There did not appear to be an appreciable crack-filling
effect when coatings on ACC were densified. However, oxidation pro-
tection seemed better in the type G specimens relative to similar
but non-densified D2 specimens, indicating that mass loss rates were
sensitive to coating density even in the presence of large cracks.

Inomata (9) has demonstrated that the oxidation resistance of
RSSN can be markedly increased by surface impregnation with molten
silicon under one atmosphere of nitrogen. The failure to provide a
fully satisfactory silicon scaled RSSN coating may be due to impurities
in the silicon and/or to traces of oxygen in the process gases. The
1-5 micron silicon powder was analyzed by x-ray diffraction and

appeared to contain minor contaminants which could not b. identified.



IX. Conclusions
Using lower temperatures than in the present SiC coating
process, crack free reaction sintered silicon nitride coatings
can pe applied to Vought Corporation's RCC composite.
Ir 1000°F air oxidation conditions, TLOS impregnated RCC with
a 0.04 inch RSSN coating yields approximately t.ie same mass
loss rate as industry standard ACC which has been SiC coated,
TEOS impregnated, and overcoated.
The thermal expansion coefficient of ACC is too low relative
to Si or RSSN to form crack free RSSN coatings on ACC by the
methods employed; the resulting mass loss rate is unacceptably
high for ACC which has not been TEOS impregnated.
Silazane densification and silicon sealing can increase the
oxidation protection offered by RSSN coatings on RCC and ACC;
however, the methods emplcyed did not allow for optimum process
conditions.
Areas of further study include methods of preventing ccating-
substrate separation during processing, densification and
sealing procecs optimizaticn, and reactive formation of SiC
coatings at much lower temperatures than those presently

employed.
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